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decreasing pile installation time compared to the impact driven pile in
certain soil conditions. Despite the increased interest in the use of
this type of driver for driving and extraction, no reliable method exists
for estimating the pile's bearing capacity. Field tests were conducted
in San Diego, California in an effort to compare bearing capacity calcu-
lations for vibratory driven pile based on theoretical static analysis,
empirical analysis using cone penetrometer test data, and dynamic
driving resistance. Data obtained while driving instrumented pile is
compared with predictions obtained from an analytical model. This pre-
liminary model simulated the vibratory driver-pile-soil system. This
technical note evaluates the influence of various parameters on the
vibratory pile driving process.
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INTRODUCTION

Vibratory drivers have been used since the 1930s to drive and
extract piles. Vibratory pile drivers have the capability of signifi-
cantly decreasing pile installation time, especially in granular soils. .-.
However, they have not been widely accepted because of the uncertainty
in estimating the bearing capacity of the driven pile. When driving

ALbearing piles, the standard industry method for obtaining load carrying
capacity of a pile installed with a vibratory driver is to redrive with
an impact hammer. The advantage of improved productivity is lost with
the redrive procedure. Currently, there is no other method to predict

the capacity of these bearing piles installed with a vibratory driver.
The Naval Civil Engineering Laboratory (NCEL) is making progress toward
being able to estimate the bearing capacity of these piles. to

This technical note describes field testing and corresponding ana-
lytical modeling of the vibratory driver-pile-soil system. The following
sections describe the development of the numerical model and techniques
for collecting field data. A discussion of the prediction of the pile
driving process based on field test data is followed by suggestions as
to the additional work that should be done to further verify the model
to a point where it can be used with confidence.

BACKGROUND >.-.

The Navy uses temporary pier facilities to transfer cargo over the
surf to the beach during amphtbious operations. Pile driving is the
most time consuming activity during construction of these facilities.

The Amphibious Construction Battalions (PHIBCBs) use single-acting
diesel hammers to install these piles. A vibratory driver is used to
extract the pile during the retrieval phase. Because they cannot rely
on the vibratory driver to drive piles to a specific bearing capacity,
two pieces of equipment are necessary to handle pile installation and
extraction. A more efficient technique, such as using the vibratory
driver to both install and extract bearing piles, would both eliminate I
the requirement for having two pieces of equipment to handle piles and
also improve pile installation rates.

The Mobile Construction Battalions (MCBs) have double-acting air
hammers (MKT7) and single-acting diesel hammers (MKT DE20/30). They do
A wide variety of pile driving work related to waterfront and advance
base construction. A vibratory pile driving capacity could improve
their operational capability. %.
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"nDELING THE VIBRATORY PILE DRIVING PROCESS

Vibratory Drivers

Vibratory drivers apply a dynamic force to the pile from paired
rotating weights which are set eccentric to the center of rotation so
that when they rotate, their vertical forces are added and the horizon-
tal forces canceled. The frequency at which these drivers operate is in
the range of 18 cps to 33 cps. This frequency range produces a ground
resonance at which shear and frictional resistance of the soil are sig-
nificantly reduced (Ref 1). Vibratory driving appears to work well in
coarse-grained soils and with nondisplacement piles (Ref 2). In sand,

it is thought that the vibrated piles may have much higher bearing
values than driven piles because of the compacting effect of the
vibration (Ref 3).

In order to improve the driving effectiveness of vibratory drivers,
a sizeable "suspended" weight is usually added to the nonvibrating por-
tion of the driver. In some cases, additional static force is applied
to the top of the driver, for example, through the jib to push-drive the
pile.

Another use of the vibratory driver is in extraction of piles. In
this case, tension is applied through the jib of the crane. Occasionally,
a shock absorber will also be used to reduce the vibrations from the
driver to the boom. Vibratory drivers also allow reduced noise during
pile driving operations, controlled depth of penetration, the ability to
drive piles at inclinations of 1:1 or more, and underwater driving.
Schematic drawings of the vibratory driver as used in the different
applications are shown in Figure 1.

A resonant (sonic) vibratory driver, designed by the Bodine
Soundrive Company of California, has a variable frequency capability
within the sonic range of frequencies up to and over 100 Hz. This al-
lows the pile to be installed at its resonant frequency. The impulse of
the vibration is in phase with the elastic compression wave that travels
down the pile, and the energy is used most effectively in overcoming
friction and point resistance (Ref 4). This significantly increases the
pile movement. In a comparison study using two identical piles at the
same site, a steam hammer sank a pile 67 feet in 90 minutes while the
sonic hammer sank the pile 71 feet in 42 seconds. This driver is still
in the development stage and is not available for commercial use at this
time.

Generally, the loss of energy in the vibratory driver is consider-
ably less than that in a conventional hammer. In the latter, much of
the energy of the impact is dissipated in compressing the cushion blocks
and driving head, and in overcoming the skin friction that may possibly
develop between widely spaced blows.

%. The Wave Equation Analysis

Since the middle 1800s, dynamic pile-driving formulas have been
uised to determine the static bearing capacity of piles as a function of
the resistance of the pile to penetration. At the present time, several

% hundred such pile-driving formulas exist. These formulas are usually
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obtiined by equating the energy delivered to a pile to the distance the
pile moves against a soil resistance. The results are not always reli-
able, and may over-predict or grossly under-predict pile capacities, and
therefore should be used with caution.

Dynamic resistance based on the wave equation analysis is a more
rational approach to calculating pile capacities. This method was first
put into practical form in 1962 by Smith (Ref 5). Results of the wave
equation analysis can be interpreted to give pile stress, the rate of
penetration, and the driving resistance.

The wave equation was later written into computer codes and the
descriptions and documentations can be found in numerous publications
(Ref 6 through 10). For the impact hammer, the computer code will solve
for the idealized system shown in Figure 2.

The VIBEWAVE Program

The original form of the Texas Transportation Institute (TTI) wave
equation analysis program (Ref 10) is used to model pile driving using
the vibratory driver. Numerous modifications were required. The first
modification was to model the idealized vibratory driver-soil-pile
system shown in Figure 3.

As can be seen in Figure 3, the first element is the "suspended
weight." It transmits its weight, WI and inertia force to the second
element called the "driver" through an "isolation spring." The isola-
tion spring has stiffness K I. The dead weight of the driver excludes
the rotating weights and gears, but includes the rest of the assembly as
well as the "head" or clamp which is to be fastened to the first pile
element. In the program, the mass of the rotating weights and gears, m
(total eccentric mass); the eccentricity, e; and the frequency, f (in
cycles per second, cps) are input separately.

The oscillatory vertical driving force imparted by the "driver" has
a maximum value:

P = m(a + e w
2)

~max

where: m = mass of rotating weights and gears (total eccentric mass)

a = acceleration which is calculated from the change in velocity

of the eccentric mass between time steps

e = eccentricity

w = angular velocity (in radians per second) which is related to
the frequency, f, by 27f

f = frequency in cycles per second (cps)

The driving force varies sinusoidally with time, t, and is given as a
function of t:

2
P(t) m a + m e w sin wt

4 4
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Several minor changes are also made to the original program to reinitializo
certain values for the vibratory driven pile.

Predictions from the VIBEWAVE program are compared with the results of
instrumented pile driving tests performed by NCEL in Coronado, California.

DESCRIPTION OF FIELD TESTING

Cone Penetrometer Test (CPT)

The CPT was considered the appropriate technique for this test due
to the short lead time available for site investigation. Relative to
other soil exploration methods, the CPT provides faster, more detailed
data. However, it has the distinct disadvantage of not obtaining a soil
sample for visual or lab inspection.

Nine cone penetrometer test drillings were conducted for a total of
203 feet. The drillings were located on a grid established on the beach
at the Naval Amphibious Base in Coronado, California. The area was ap-
proximately 150 yards measured inland from high water by 600 yards mea-
sured parallel to the beach. Minimum depth to refusal was 7 feet in two
holes. Maximum depth to refusal was 30 feet. Continuous readings of
tip bearing, sleeve friction, and pore pressure were obtained with depth.
Interpreted information such as soil behavior type, equivalent Standard
Penetrometer Test (SPT) N values, D50, equivalent drained friction angle,
and equivalent relative density was also provided.

The soil at the test site consisted mainly of very dense sand with
k an average unit weight of about 127 pcf. On land, the water table was

at about 8 feet to 10 feet below ground level. The angle of frictional
resistance of the sand as interpreted from the cone penetration data was
about 45 degrees. A pile capacity curve was developed for the 8-5/8-inch-
diameter pile, assuming the pile plugs after penetrating three diameters.
Typical cone penetration test data and the corresponding pile capacity
curve is shown in Figures 4 and 5, respectively.

Rate of Pile Penetration Versus Dynamic Driving Resistance

The ultimate capacity of a pile can be estimated from the penetra-
* tion per blow when using an impact hammer. Formulas for dynamic driving

resistance are outlined in Reference 7. The use of this method should
be supported by local experience or testing.

The first phase of tests were designed to demonstrate a relation-
ship between rate of penetration and dynamic driving resistance. A
Foster Vibro 1000 was used to drive a 20-inch-diameter pipe pile for

St O4 feet. The rate of penetration was recorded for the 4-foot increment.
Dynamic driving resistance was recorded by removing the vibratory driver
and counting the number of blows for the next foot of penetration with
an MKT DE-30 diesel impact hammer. The vibratory driver was then placed
back on the pile and driving was continued for another 4 feet and so on
(Figure 6).

Rates of penetration for the first 9 feet ranged from about 3 ft/min
to 5 ft/mmn after which the rates dropped sharply to less than 0.5 ft/min.

@4 7
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Figure 4. Typical CPT data at the test site.
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Figure 6. 20-inch diameter pile
driven by Foster Vibro

1000 (DE30 diesel hammer
on left).

The data collected are summarized in Table 1. The maximum penetration
that the pile was able to attain with the Vibro 1000 ranged from 10 to
13 feet. This was attributed to the extremely dense soil conditions.

,, Table 1. Observed Rate of Penetration Versus Dynamic
Driving Resistance

Pl a Dph Rate ofcd

a Depth Penetrationb Blow Countc  Bearing Capacity
d

(ft) (ft/i) (blws/ft) (tons)

1 5-9 2.9 30 35
10-11.5 0.3 36 40

2 5-9 5.1 25 31
10-11.5 0.2 45 48

3 5-9 4.6 22 29

10-12.8 0.3 40 44
13.8-14 0.03 48 53

4 5-13 1.2 40 44

a 20"0 x 1/2" WT, open-end, steel pipe pile (4 = outside diam.;

b WT = wall thickness).c Average rate for depth indicated; using Foster Vibro 1000 driver.
d MKT DE30 diesel hammer.
Engineering News Formula.
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Instrumentation

The next phase of tests required instrumenting the pipe pile with
strain gages to record data during driving. Anticipating that a smaller
diameter pile could be driven to a depth of 25 to 30 feet with the vibra-
tory pile driver, it was decided to use 8-5/8-inch-diameter pipe pile (a
size readily available). An adapter was designed and fabricated to
allow driving the smaller diameter pile with both of the pile drivers
that are set up to drive 20-inch-diameter pipe piles (Figure 7). This
section describes the procedures used to collect dynamic data.

Figure 7. Pile adapter.
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The selected piles were sandblasted in preparation for applying the
instrumentation. Four SG-129 Ailteck weldable strain gages were position-
ed around the pile 2 feet from the top (Figure 8) to function as a load
cell. Additional gages were positioned along the length of the pile in
5-foot increments (Figure 9). This arrangement allowed the force deliv-
ered to the pile and force attenuation along the length of the pile to
be measured during driving.

Once the gages along the length of the pile were in place and the
leads secured with tape, 1/8-inch steel angle was placed over the gages
and leads and tack welded to the pile. The angle was put on in 5-foot
pieces to insure stresses were not being transferred to the pile through
the angle. The end of the angle near the pile butt was closed off to
prevent soil intrusion. The gages and leads at the top of the pile were
secured firmly with tape and metal bands (Figure 9).

Thermocouples were installed, after-the-fact, to give an indication
of the temperature variations when the pile heated up significantly during
the vibratory pile driving process. These gages were placed along the same
spacing as the strain gages and covered with PVC pipe. The PVC pipe was
not able to withstand the rigors of the vibratory pile driving or the heat
generated due to the driving. For future testing, the thermocouples would
also be placed under the protective covering of steel angle.

Dynamic Driving Data

An instrumented pile was fitted with a pointed tip and an adapter
(Figure 10). Refusal was met consistently at 11 to 12 feet. Rates of
penetration and corresponding dynamic driving data from the strain gages
were recorded for three separate driving attempts. The observed rates
of penetration versus depth are shown in Table 2. The tests were con-
cluded with the Vibro 1000.

Table 2. Comparative Rates of Penetration
for Pipe Pile Driven With Foster
Vibro 1000 Driver

Rate of Penetration

Deptha (ft/mn)
(ft)

No. 1 No. 2 No. 3

1-4 - -

4-5 - - 5.0
5-6 0.4 2.3 -

6-7 0.7 2.3 -

7-8 0.7 2.0 -
8-9 0.7 2.0 -

9-10 0.1 - 1.0
10-11 - 0.3 -

11-12 - 0.1 0.1
12-12.5 - 0.1 -

a8-5/8"0, 3/8" WT, closed-end steel pipe

bpile; 20-ft length.
Rates averaged over depth indicated.

12
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There was an opportunity a few months later for further testing in the same
test area and in the surf near the test area. A Foster Vibro 1800 was used
to drive an 8-5/8-inch-diameter open-end pipe pile. One of the objectives
of these tests was to verify whether a bigger driver would be able to pene-
trate the dense cobble layer encountered in previous tests. The Vibro 1800
is rated at 65 tons driving force compared with the 35 tons driving force of
the Vibro 1000. We also wanted to obtain dynamic driving data while driving
in saturated soil conditions. An 8-5/8-inch-diameter instrumented pile was
driven off the side of a roadway section of the Elevated Causeway (ELCAS)

which had been deployed at the Naval Amphibious Base Coronado, California
(Figure 11). This beach is in the same general area as the test area.

Rates of penetration were recorded simultaneously with the strain gage
and thermocouple data. The depth to refusal on the beach was 23 feet. Maxi-
mum depth to refusal in the surf was 12 feet after three separate attempts
of driving in approximately 3 to 5 feet of water. In order to keep the pile
upright in the first few feet of driving, the crane had to keep tension on
the driver until the pile was sufficiently set in the ground. This affected
the rates of penetration. Observed rates of penetration versus depth are
shown in Table 3. Strain gage readings are shown in Figure 12. Comparable
strain gage plots are not available for the first set of tests.

Table 3. Comparative Rates of Penetration for Pipe

Piles Driven With Foster Vibro 1800 Driver

Rate of Penetration 
b

Deptha (ft/min)
(ft) c

No. 1 No. 2 No. 3 No. 4

(beach) (surf) (surf) (surf)

1-2 - - -

2-4 - 4.8 0.8 1.3
4-6 - 1.8 0.8 1.3
6-7 - 0.3 0.8

7-8 3.8 0.3 0.8
8-9 4.0 0.7 0.8

9-10 2.6 0.7 -

10-11 1.4 0.8
11-12 0.7 08

12-13 0.8 -

13-14 0.5 -

14-15 0.4 -

15-16 0.5 -

16-17 0.3 -

17-18 0.3 -

18-19 0.5 -

19-20 0.3 -

20-21 .2
21-22 0.1

8-5/8"0, 3/8" WT, open-end 1l 30-ft length.
Rates averag. over depth indicat.d.
Test. resu l s comparod with predictions from VIBEWAVE program.
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Although the thermocouples were lost due to inadequate protection,
temperatures ranging from 400 to 500OF were recorded at the tip of the
pile by the time refusal wAs met.

COMPARISON OF MODEL PREDICTIONS WITH TEST DATA

Modeling the Test Piles

In the VIBEWAVE model runs, the 8-5/8-inch-diameter by 5/16-inch WT
(wall thickness) steel pipe pile was divided into 5-foot-long segments.
The results that will be discussed in the following sections are for the
pile driven with the Vibro 1800.

The weight of each rotating/vibratory element consists of an eccentric
gear with an eccentric weight of 217 pounds. There are four such elements
in the Vibro 1800. From the rated eccentric moment given for each hammer,

the rotating arm or eccentricity was estimated to be about 2.1 inches.
Although the driving frequencies of the vibratory driver were rated to be
1,000 to 1,600 cycles per minute (about 17 to 27 cps), only about 1,100 cpm
(18 cps) was noted during driving. The isolation springs, which are sets
of shear springs supporting the nonvibrating weight, have a spring constant
of 14 kips/in for the Vibro 1800.

The calculated forces for the idealized vibratory driver-soil-pile
system are shown in Figure 13. A compressive force is presented as a
positive value. The depth of penetration considered in both cases is
about 11 feet. This corresponds to about 180 seconds of driving in the
field. The calculated forces and displacements are for the soil-pile
system starting from the at-rest position.

The following sections discuss and compare the VIBEWAVE predictions
with results from the pile driven on the beach in Table 3, referred to
in this report as Test Pile 86.

Driving Forces

The Vibro 1800 driver is rated to give a maximum driving force of
65 tons. (The maximum driving force refers to the amplitude, which is
the crest to trough value of the force imparted by the oscillatory
weights and gears to the pile.) The results from the VIBEWAVE runs show
the maximum driving force to be within that range (Figure 13a).

Forces in the Pile

The load-cell in the 25-foot-long pile is located 2 feet below the
pile head. Four other gages were spaced at 5-foot intervals from the
load cell. The readings from the strain gages (recorded In microstrain)
were converted to forces, in kips, by multiplying by the elastic m~dulus
of steel and the cross-sectional area at the gage location (8.4 in ).

Recorded force histories for Test Pile 86 are shown in Figure 12.
This is typical for most of the piles tested. From Figure 12a, for the
case of the test pile driven on land at an l1-foot depth of penetration,
the maximum amplitude of the force measured at the load cell Is between
-20 and 80 kips. A comparison of the forces recorded at each strain
gage indicates a consistent stress wave propagating along the pile.
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In comparing the magnitude of the calculated and recorded forces at
the top of the pile (Figure 14), the recorded is smaller. Any number of
factors could account for the discrepancies, including driver performance,
instrumentation performance, or the accuracy of the computer model. It
is interesting to note that only one or two of every four load cycles
imparted to the system show up distinctly in the recorded waveform.
This is due to the wave reflecting back up the pile, interfering with
subsequent waves traveling down. From a parametric study described
below, it appears that the waveform can also be changed by varying the
stiffness of the isolation spring.

When the calculated and recorded forces near the tip of the pile
(Figure 15) are compared, the calculated forces are again larger. More
damping is probably occurring in the field than expected. Note the simi-
larity in waveforms between the calculated and recorded force histories.

Note the relative differences in the magnitude of the force between
pile top and pile tip. The force in the last pile segment is smaller
than that at the top for the calculated results. This is due to the

-. skin resistance which was applied on the embedded segments of the pile.
This reduction is not apparent in the recorded results. The model does
not as yet account for the significant reduction in side friction that
occurs during driving.

Rate of Penetration

The predicted penetration rate is obtained from Figure 16 which
shows the displacement-history of the pile point. The rate of penetra-
tion is about 0.81 in/sec or about 4 ft/min. This compares favorably
with the range of 4 ft/min to 1.4 ft/mmn recorded for the penetration
depth of 9 to 11 feet (see Table 3). Although the results look pro-
mising, it is hoped that this predictive method can be further improved
using information obtained from piles driven to a greater depth using
the vibratory driver.

From a parametric study, it appears that some values of the isola-
tion spring stiffness can be determined to give a good prediction of
penetration rate for the pile at this site. It can be expected that
this value will change with different natural frequencies of different
hammer-soil-pile systems.

Behavior of the Isolation Spring

As described earlier, the isolation spring is made up of a set of
elastomeric shear springs which has a tendency to soften at. higher temp-
eratures. In practice, it ig not uncommon for the elastomer to fail

*while driving. This failure (of the isolation spring and hence the
vibratory driver) can be caused by underestimating: (a) the effects of
temperature, and/or (b) the magnitude of the dynamic force that can be
induced while driving. Although field verification is not yet available,
it appears that VIBEWAVE can estimate the latter as seen in Figure 13b.
Parametric studies have shown that for a spring stiffness of less than

. 10 kips/in the elastomer is always in compression. The displacement
experienced by the isolation spring is shown in Figure 17.
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CONCLUSIONS

Field Tests

Valuable information was gained from the field tests. Experience
gained from the setup and performance of the tests will help improve the
design of future experiments.

The extremely dense sand conditions found in the test area limited
both the type and quantity of data collected. However, the data that
were collected were satisfactory for comparison with the computer model
predictions.

Computer Simulation

The wave equation appears to offer a feasible method of analyzing
vibratory pile driving. It was found that a proper simulation of the
vibratory driver is critical to predicting correct results. Most
notable is proper modeling of the isolation spring stiffness.

Interpretation of the field results with the VIBEWAVE program has
helped to clarify areas where more work will be required. To improve
and refine the predictive method, it is necessary to collect data from
pile driven to greater depths. Using the vibratory pile driving record
in conjunction with the computer model, it appears that a practical
solution to predicting the dr~veability and bearing capacity of vibra-
tory driven piles is possible.

RECOMMENDATIONS

Based on the findings of this preliminary study, it is possible to
define and make recommendations on the areas that need to be researched
before a valid understanding of the vibratory pile driving process can
be reached. The following recommendations are made:

- Vibratory Pile Driving Using VIBFWAVE:

1. Evaluate the effects of different driving frequencies and
*amplitudes, eccentric moments (which are determined by the eccentric

weights and rotating arms), and properties of the other components for
the various types of vibratory drivers.

2. Evaluate the performance of other types (apart from Foster's)
of vihratory drivers in order to determine if the mechanism of driving
is the same. It may be that some drivers depend more on the suspended
weight for increased efficiency while others might rely more on the magni-

' tiide of the eccentric moment or the driving frequency.

3. Manufacturers of vibratory drivers should consider including
Information regarding the eccentric weights (including the gears), and
the eccentricity and the stiffness of the isolation spring and/or the
suspension system if any, in their brochures.

* 23
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Improvement of the VIBEWAVE Program

To more accurately model the vibratory hammer-soil-pile system, it

may be necessary to modify the program to accept a nonlinear spring,
especially for the more flexible elements. For example, the isolation
spring may be somewhat linear in tension, but it is not so in compres-
sion. It may be necessary to develop a temperature-dependent pile driv-

ing model to properly model the eff zts of the high temperatures observ-
ed in the tests.

Soil-Pile Interaction During Vibratory Driving

1. Determine the effects of grain size and shape of coarse-grained

soil on vibratory driving.

* 2. Compare the pile capacity of a vibratory driven pile and an

impact driven pile.

3. Determine the effects of temperature in the driving on soil
resistance under dry and wet conditions.

*, 4. Define the effects of the water table on driving.

5. Determine the amount of resistance (or reduction in static

resistance) at the side and the pile point while driving. This will

require driving deeper piles and monitoring the stresses along the entire
length of the pile while driving.

Design of a More Efficient Vibratory Hanmer

*Consider designing a system with a variable driving frequency and

variable isolation spring stiffness, as well as variable eccentric
weights and rotating moment arms.

REFERENCES
.5

1. Princeton University. Princeton Soil Engineering, Research Series

No.4: The driving of piles by longitudinal vibrations, by W.E. Schmld

and H.T. Hill. Princeton, N.J., Jun 1966.

2. Princeton University. Princeton Soil Engineering, Research Series
No.11: Vibratory pile driving and ultimate penetration, by W.E. Schmld
and A. Gharahamani. Princeton, N.J., Jun 1968.

3. A. Kezdi. "Pile Foundations," Foundation Engineering Handbook,

edited by Winterkorn and Fang. New York, N.Y., Van Nostrand Reinhold

Co., 1975.

4. Sowers and Sowers. Introduction to soil mechanics and foundations.

London, England, MacMillan Company, 1970, pp 452-453.

S-,24



5. E.A.L. Smith. "Pile-driving analysis by the wave equation," in
Transactions, American Society of Civil Engineers (ASCE), vol 127, part
I, pp 1145-1193, 1962.

6. National Information Service. Report FHWA-IP-76-13.4: Pile driving
analysis - wave equation user's manual TTI program, vol 1-4, by T.J.
Hirsch, L. Carr, and L.L. Lowery. Springfield, VA, Apr 1q76.

7. Naval Facilities Engineering Command. Design Manual 7.2: Fouinda-
tions and earth structures, Alexandria, VA, pp 202-203, May 1982.

8. T.J. Hirsch, L.L. Lowery, H.M. Coyle, and C.H. Samson, Jr. "Pile
driving analysis by one-dimensional wave theory: State of the art,"
Highway Research Record, No.333, TRB, Washington D.C., 1970.

9. National Information Service. Report FHWA-IP-76-14.1: Wave
equation analysis of pile driving WEAP program, Users Manual, vol 1-4,
by G.G. Goble and F. Rausche. Springfield, VA, Jul 1976.

10. H.M. Coyle, L.L. Lowery, and T.J. Hirsch. "Wave-equation analysis
of piling behavior," Numerical Methods in Geotechnical Engineering,
McGraw-Hill, Inc., 1977.

*Q 25



DISTRIBUTION LIST

.\FAIl 1) I 11111i~oii \\ rIllh-P'itein NI-itB OF FAl-I F 1. \\iei-1ie~ I1. ()1. L 11 1I "D)M I

AIFl F LN SI:. N\ cisi It, oll. D)C

AFFjS( RI)C Oiv~oce). F ndolI NIB. FL1
A\RMY 4 1 th 17N(C(N). .- k roil SLII\ c\ I liii. Xkin O 01: \NICSNI-\\ S. .N I IlkI rIi. VA l\ In It t I,

VA: F IDA (DAFN-ZCNIL M. \\:~iitn ) R.& ) 1(tod. Sl FRN j S (J SILleW. Naiik, MI

A.R\N BI IA OI R R&DI CIEN S I RIE NNI. F Itc o. . S F RillI-it ( RI It licIkon VA

ARNMY (TRL_ (FRI -ZN. Chamign. It-
.R MY CORPS O)F FN(RS Lihii r\. Seattle. \\A

A RIN (RREF. ( RRFA IF lanci. NIl
ARM) ENGR I)ISI LAN\( nL ick'hiiru'. MS

*RNRM EN\GR DIFV Nc\ ElaInid. NI 1)11-F). \\ ilthitn. MA.

A RMYI EWE S \k ESCI)( IN Rich inkin. \ iAk'Irit,. NFS: W\FIS( N- N ltiliit. N k-d'urc_. MIS: I S( I,\ -1).
Nikckdure!. NIS. \\ FSGP-I. N iKdmur.~ MS

A RMY IFNMC Fort Lee. VA
ARMY 1-((;C AI C AI I-MS I NMirrixett Fort I.Ce. \ A

ARMY NIMR( I)RXMIR-SNl (Lcnoc . Waitcrto\%ni. MN
A RNIYN IRANS SCIF ASI P-CDNI. F~ort Fu~ti'. NVA
BUkREAL OF RECI ANF.NI(N D-14I12 ((GS DF ) . Deiier. CO.I Smioak. F)ctl er. (

(C (odite IS. Port IlierICeme. (A; (odeC 155. Port I Iienemeri. (A..: COdIC 156. P'oll F Ficiciiic. (NA: (odeC I501
Port F1LICteneme. (A: I'WO()Codc Sb.) Port I luenemer. (AI PN 0(COLIC 4(01. (;Utlort. NIS. Fech Iirir\.

Giulfport. MS

(N( 17J \%thrwIi Mod OF 23C;~.i~ ode F)LNA OF19424(1.\ N i'i nu, toil. F C: ocO''lK \;~i~oi .(d

( CGARF R&D(' Fijbrir\. (irotoit CI(

(I INWI, IANI COdIC S.31F, Norfolk.V
)NAICBP.NC )ee,-o Ga~rciai Iroj (M~r. ['ciri Flitrhor. III

((ADI CX-NRI Fihrir\ N\i.hiititoti D IC

CONIFI ld e O~.Ntlc.la
(MNIN.NA(FC P'NO. Idoti01. EtitL~ind

(ONINANAIRSYSCONI CLIC -1 711. Was~hjil_,toll. DC
(OMNAVBEAC'I ICRU ONE. CO. sati D~iego, CAN

(OMONAVFOR Koreci. ENJl-P&C)
(ONINAVI)i I'PAC (ode 4118. Pearl HaI~rbor. MI

OMINAVNIARIANAS (ode N4. (itlifil

((ON.INAN\SL'PPFORANIA,-R(FICA(, DEE. 11W . (hrm~clikirceh. N/
(ONINAVSL, RIF F ant. CO). Norlolk. N-N (ode N42A. Norlolk V Pie. (ode N-4. San Diego. CA

(ONIOCFANSYS [.ini. (ode N9). Norfolk. VAN

CONMMA Lint. SCE,.orfolk. NA
((AR SNAV PHll!. See 011r. Pearl Harbiir. [if

F)FS( OWE. Ale xandriai. NVN
IRSSP F ccli Fi. N'.aihinoion.M

)(M II FFR NT. ( )in o til. NIC( Uirc AFB. NJ

DI1 NSRI)C 1D; . (Ode 1250. .Ntfiiipoli-. S ) )>1 c22. Antuol' NI) DI: 1 o 41204 Antliipol .
NMD

FNFFPA( (5 ISCINAll. Camp IN! Smlithl. III
(iFlIF' OK . Cioroni. (A
INL 11,IMRI Il INIL. INM I) WaIsh. Sim Pedro. C A
LIBRARY M ( (ONC RESS Sci & IFech Di\. NN\rdiinmoii. MI
MAWNRORIIASE P'AC I. El. ( ;i1n1p Buller, IN: PNN\ ( .1imp1 Peiitletoi. (A, PMA( [N'. AC( (S I ac I net.

arliip Butler. JA

Ni( AS PN' 1. Kanieiohe Ila%. 11L IWO. Yuit. A/

NWI ('\( N L Il FOt' Qunitico. N.N. NSAI' Rep. ()uioitic~o. NNA
\ICRD) S(1 I Sin Fliemi. (:A

NAS ( ha'.e 111. ( iidc 183MH. . ille F (; ICd I Ill. Adaik, A.K . Miraiimar. C ode Is21 VA Sall I)iciii. C A; P\\1)

M.1itt li%'. Ne'.% Orlean~.N. P,(M (Codte Is2' Bermtudi. I'\( . IDallit. I V. 1,W)(. (den'lc e. IF. IN 0\.
4 ~~~Kella~ik. Iceland. PW( . Ke'. Wkc~i. Il: F'N'. Nc%%. (rican.. F N. IW')I. Soith N'.c' itoiilil N!AN S( I

N,'rlolk. ,
NI IA( I NC '((N W I ANN I IV ( odeC 1112. Norfolk, N.N

NA IH Bit RIM Of. S I ANIIARIIS R C huit!, I imiilicr'hirL. NMl
NANAIRIINOCINPiI.Itehrt

26



N\\\.\I R IIS ('[\ 1'\\O F'jhit Ric. \i1)
N\\.\\ i)F I'M L "tic 61041, ( hICII\ Fini. V

NA \( ANIS NIL (((''dc N -). \.pkIC. II

" M(O.NSA '~S( I> ( O d 2SiiU... It. ( "ti (10 nIt i I(I lni

N NN('()NFNFN S N N t I Ll "3611'it. PANIi'lii 1\ II ( JcII ,] --

N NN(()NSF' 111.(' N (.i dc -1(1 . 1'IItul iil iiM .I I \'l - ( B K,,

\N\ NN NSi I RS..l, I \~i ( o 'dc D2 Poi F'iiiiii. t

NA\ I DIRAPR(D )IFTIN FCI 1c I11'. i'cip',iciI1i. I I
N I~.F (M I F I' I I cell I .lii IrlIiiii FIc-i. Nil)

N IN F-N ( cIiTt~i\lkl B11Th F'\W . I Ci ijik I. \
NA\NF .N INV ( ( A l oc 1111. Ne\ILc I ~I I l. N N. ( Odel 1. V\IcnJidl \ Nt V .I 'd 1 t (I \ ljiiil ,

N N: (n c IWAN Nic \,iidj ai. \ N; (oLIC I4 \ I. \IC'iJif1A. Nt Nt. ( Al 1 14 \ I V III 1 1.1 \It I it ( iiU

(\h v \-IC\,iiikTii. \ A; ( Ildc C i iiiietI TIl 1. MCIiihlTi,L N It It o , ,-\I (( '0, \k . ~ I ti N
(IdC iii 4 (I lii AC \,~IjIIr~ . II V (n c I I I . 1Nc~i .1 N N

NA\ I I \((N MI (fL.S D)I\ ( odtc [1'()-It . \.,hmLniicnn Wi
N \\I \ N ( i( (NF INAN I I)I\ I It. Dii . Naicx. l1,1k I 'A 41)1'. \milo.'It I IhIii.t N,' 1k. N Nt
NA\FN[NitN -MIM R I II I\ , (I'l PhI de lpIlli. P V t* , (Pc04 Ml P'i~~llii \

NA\NI7NtEN(itONF PA D'.N II (nde (")P. 'cirl IHirl'i . MI. ( (,I 11 (K li iv Pt iil I II,ii IT MI. (I& '(2WI

Peatrl lhrhor. Ill, (',,Li 402. 'cmi ir l - Ill. I PL.i . I'~t i I ll1F

NA\NFATN6N~i I)\ SOL Ill Dill, thic M 2. ( 1IiiC'u'n. S( Od -411 Mil 011,11t'(.NI.
(h~irlc~ton. St,

NN \ F.(N ( (Al Est I \ i (I'l 2i). S'mi iuiii. ( N. ( 'c H411 B ii'.I N I d Ill \2 , ]Ih di lii

Bruno'. (A V Pjc N\\ FIr ( ifc. ( 'Jc C :W~. Siktii Ait \lNA

NAN A1.-6~(A)N ( (IN FR-N I S ( ode 46, P'lri..moth. NA (Mi( ,im., I (M . Rir, Npoiii Ri MI

Nir~ia Becach. VAN: 0I( (" Rol(tC. Nortoik. N N R(OMI I( ,,k 'Ic110III 4i I'iri'i It \ R( MI( ( (C ,I,
')131. [\crcit. \\ NV RC)I(V. (''rpu, Chriii. F V R( WIt Kcl~i\ ik. FIiiid. R( 1( Pml F''11, Nln V I \\
F'jc. ()I('(. Manila. RIl; Iridcnl. ( )I(( . St (I\v.

\\ NF-1 [- DEI1Ci. Yok11hairm; Japan
N.NNI( SP SO I. .\ni (4uaril

NA\NNMAIL S(ll. Su~hic Iii . RP'
NANA RI ()Ir SCI. N 1 F1.6 i ) ,. R~ilcIl M

S ~NAVIOtFANO( .1dc 62iW iM N! I'iic . BlI\ St I lltll. \IN

NANICEANSYi(t[N (ode 114-4 (1111 ( Iiccliii. SV inDicu'. ( N. Ill I R 'i until KmIii. IFl. D1) I I I

I ih. Fiiu. 1FF

NANNF'is(I (I I W ii Cd 0" 1 N in Sntr IF F. 1 hil il.~l N"illlntci

N.-VFIHIFASL I'N'I I NiiIk. N N; S( I SIn ICLct'.(A
N AN\StS(I) I I,\\ (I. \NIhec[I. (ItN
NA\ S[--NYS(I SI AN ( I I DOF2.\,~iinn ) 'it i \ I' I I-i,'i f l t DO 'Ioc H'''1 . \\.Il iI1iwt'i1

N .NItCR tod c 1 , hNiuiiniiii Do ,i 1)1l ''lII'01

FDo I. M ilsii.N
NAN\SI A((I.1 ("Lie l ( Ri3, PR 0111ll. FDoI .F\ ) 'iii. Fiuii~ iiI IF N ii'

NN\*SNN 'I ) '1111 'Lic) 1\I iI 44iI14 BI. IIiitrii NIll N\V M l h l d

AN ( (ar (Il11d (I c 24. N 'l . RI11J ILC "( -1 \ II11 \(

N W) NNN\ c~on soI''I[ '~I.Im.I
NA I A ()'lc 4. NoocLit R.d'NP I Nci t~ R)I\ "D R 111,1) PJI111(AI1 I

N(i R 211. (C).t11 I iIlpN Ni's

'l",\R( ( l (cihii N nc ' , IN jI I N I. ii1'Ic NN

NIS\\I 1)1 I c [ I NW111 DcIloi I nv N IdI. I Ill, P ,( 1 0,i 11B N 'i' \,k 1 I i

\\(NR ('It 1121 Ii N " i'L i Niiiii N. N IIN.~rcli NN IlI 1 1t It N i

I'-( NFS( N N(c III, Nop rc. FI, P% cCi IllRI
NoI RR2H 0( lpli MNFNRs Fcli ii~ l
N \III( B i . ( I SI n I! - I Nk I' F' I 'in li IN i Nii \

NS( li~ilhim nne\ PW 'I'illmn~h ,2I



P ' L.,ri I Ih cr. III A ,. -I! '.n p I \. 1, 11 1 k"I Nc (21 "'I' I 1 ' 11 i~t I I 'J 4 10 11 1 \ ipI II

421 ulil Nm t~c~ I \(. , I ) 424 ( ( \"t". \ \ ( d' k.1 1' 1 ( I~ph I AI 1. 111, 11 l

NI m \ I \I o I IrI . \ Ad 141 ',1 1:Q " AIIA i 11 111 ,0 ,J

42 N 1 ( (1 \)I ,II I I, L! '( V I iio c (-'Ip, \o iiol II'lcl I Rc i Ki ,i i ~l 11 ( ,i

I Ac N 1 L'A od pjc m I4 1. A im &N Nt i III;w ijo Ii, f , 1'4 ,i "
I N hI) \ .x lcuxiM ru I \Iiihcrv \\~~pIr Ih .N Ii Nci\.V I pq Ihx PH Nm~i A ii I Ix III Ii

\\ I' i Pl F R IF' Pll I nr P" Ii nLI ,.IIIv DicT ccx I

11)1 k.\II, \S( )(0 I II\ P I c( )J khI nrJ ( hili Iplpi
( RIl I \I\ [ RN ,V (ii ( ), Nri qtor, I, \ini~ \ t

SO' ( .I ( FI ( ,I \[IX4R\ I ) \ n (F I wc l o\ (link P ckk I , IolI

S(11 I P N ILo 14 R '11n1,rinin Ihvirxh II lccn
I.1 FSD \ I 1 (11\ I I\ c IR\S! hm-ln MI ,I 1-cp ofx II ,,zrn 1)\ 1 )111 1 '1 R

Nil~~~~ [o F S\,b.(nhxIc I . I h I n l: Rc r.I 14lrJ' I
NA~l .- \( . IFIYL ( IF i SIF , lit F S N RI. Ni l 1 t) x II \ hi ~ .

NE.' \1 It -NFA'. I I RI I I I R II) NI Ilcll RU)l Dept (\n lhari M.I t l. N"If

(II N MS it RNN I N I I P\ . I NE q S Di\ c i ( Iii hiicri .HLL I kk L- (

Pt M I)I I INI\I RSI I' NF Sil& I AichiclIll ni\L I [)I ,m ) IN . i i N Icntl \' I xc \

[)\ I S h1. (R I t,cll . Io ncl,

D.Kt[N I IN I SI IF )IN(I (Fl~ F Dpi(N rtix . SnV c .(

I01IFID' I A I I S IIR IS \I S I Ki N Sn kanir I ni~L etIM 111r) i-lk~
H ilS IN A I [ItN IIRSI I N ( Ii I kilt cIh m En . \11pc. Kn c.I

SIF111 1 1N \&I\ I INRS I ' Iindcm I nhr I'. Bethlem P(iln \
MRI' HRS I I If (IF NI IORNI IN (I* Dept (Icfxack. Fl rkelex. \11 ~p Ni~c~ lckc

\11 I I i Ir .h aIb is , NIA I t. Ic h xr, ( lhiv \

NA NIN I V I MN ( OF II OS ItrV I Sc %,R( (h S I mp Saiun I I w ld \\,thiito p D I N II xi n

\1 \\ NOcKARet R I[ S Nr~ P)I A 1 & c Io a) t,
()I N00\R SIAI I. NIII!I N ( I ept Riht BelI (n Njh. N l
P[NW IS \1 A IAI NI'.' IANIISIIRI I )ixec NI al )imStatii Nolcv.

P1 NINII t I\ S 01 IN.' (.1 I( 0ko i IRIc,011 NI c Ih Nlolhnp IN.rn N-I k iLo Ikick

INII RDI I I 1 N1, \ I(. Dept Frlc ). Saxn ic I vo
St N 1-[RSF I, NiI\ I[ NISI I N I N L D ire! (SIM Iike Stide 1C \\ANIx kc '

Sol, 11)1)5 Ff11 (ICII NNI KiR L:.I IanN Anoio. IXI A II pc N
I FR l) A IIt NIII'. I j( ii F) MI eth Lrir Denp.l K inpil.I
\I Il 011,\ I \R\ R (FI Sn!m I nr Prot( Aolo t~t .I
INl!IF) RSYS M R Smit N,!In.\ (I Dep pi mc).Brcl\ .i"t \1 1C) CnC1

kITINIR 0II D'in, I(Axxc (
I' NI NIRI I(I W I Ma(11 II Niiii Ilr 100I~. I

FN I\ I I 1 I) I tmi I IV ilpi Arch SI I I Kimxk), ( Iapuilpi I 11ll

I IO S (\1 IIAN ( IOO DeptrI IRIpill An Ailr

IN NI) RN NitMu Ir (hIIIMPSH I N i~ N N tc 1( ill. uimm

I lNR\IN( Rs II N S Rl (O N ISI,,N I)CII) \ i,>IIF.I (NIIit.

(k i Ni l),' f .1 RSI t F IR( )NSIN'N atI A I IIL ( CI l Mpin~i . II
W( S I(II) I ()( I 'S .1-IN \ IN( [\II ()I II Ni c \od i c \

\1lIN I RI 1 A I , 11 II (.APil \1i ) I IL %\ II fnit I

AW IFK O I II()1 R( H antaliohm~i (8



I ~ ~ ~ ~ 1k I)\ \RI K O)S ' 51) ili. \11)

R N \' 11N\) IN I I '( \RN'i Do, 1 ) pi I~, ( 'Ilk, \I'ciiii(

StillR I Sf( )\ (M (R /) I tNR Nt11111 S I \hi~~ ii

\11 MNU k 5511 SUNMI 'iii \,-kk I5

MO11 & 5 1 ) (NSIR to ' I 'xllci. L! cil lic 11 S

I IM I\l) K \()D \S Iri, \\,, ( fcci iici lt~i. I I i Sii

SRi.OI)NS) \1, I(~ IM SN IS D,11 s1 ( Stiriti Vom ik. V .I ~iii./ I.ii I S K

11 [i 11 \ / I \ni /lnhi I ,(R, I 1 .5ptk o\A

I I I i( .I I . P in . i,, I I
\l\( AI & 11iYiii. I \ I A1-

sill RIN I ()I S.) 05 I '\it I TiLiciii f iiitics. I S

I IS I I K I )( M h Irs S1t1 I C M LIn1 I 1 11 \ ( 'I1L1

)I M \R lIO ) R iiiD . 5\S I \ISRAlll lc . V R I)jln-1

fiS'Il . ki I i l S a Iiiii k 11
fit I I ( 511I N 55 Ilcids ij ( S

I IR s II 5550)1 BV. IN) Iisif.I isil.K

[~i ( I \ (11 1 I5 Pwt I 1 1<5 \lh l~ \

II s ,1

I R,:killo29

I'I1\ l s rm'

1, 1 11 Rs N ( \V N \\ 
%c,,woV



DISTRIBUTION QUESTIONNAIRE
The Naval Civil Engineering Laboratory is revising its primary distribution lists.

SUBJECT CATEGORIES 28 ENER(;YtPOWR (ENERATION

29 Therma conservation (thermal erngineerin9 of buildings, HVAC
I SHORE FACILITIES s tj;tems. energy loss measurement, power generation)

% 2 Construction methods and materials (including corrosion 30 Controls and electrical conservation (electrical systems,
cOntrol, coatngs) energy monitoring and control systems)

3 Waterfront structures (maintenanceideterioration control) 31 Fuel flexibility liquid fue's, coal utihization energy
4 Utilities (including power conditioning) from solid waste)
5 Explosives safety 32 Alternate energy source (geothermal power, photovoltaic
6 Aviation Engineering Test Facilities power systems, solar systems, wind systems, energy storage
7 Fire prevention and control systems)

8 Antenra technology 33 Site data and systems integration (energy resource data, energy
9 Structural analysis and design including numerical and consumption data. integrating energy systems)

compute, techniques) 34 -NVIRONM-NTAI. PROTECTION
10 Protective construction hincluding hardened shelters. 35 Solid wvaste management

shock and vibration studies) 36 Hazardous toxic materials management
I I Sorilrock mechanics 37 Vastewate, management and sanitary engineering

* 14 A,,fields and pavements 38 Oil pollution removal and secovey
* 39 Air polIlron

15 ADVANCED BASE AND A PIIlBIOLS FACILITIES 44 (EAN EN;INEERING
16 Base facilities including shelters, power generation, water suppies) 45 Seafloor soils and foundations

- 17 Expedient roadslairieldsibridges 46 Seafloor construction systems and opeatons (including
* 18 Amphibious operations including breakwaters, wave forcesi diver and manipulator tools)

19 Over the Beach operations 'including containerization. 47 Undersea structures and materials
materiel transfer, lghterige arid cran,,s 48 Anchors and moorings

20 POL storage, transfer and distribution 49 Undersea power systems electromechanical cables.
and connectors

50 Pressure vessel facilities

51 Physical environment including site surveying)
52 Ocean based concrete structures
ri4 Undersea cable dynamics

TYPES ()F DOCIMFNI S

"5 Techdta Shcet, 86 Technical Repoirts and I e-hni a Noite% 82 NCEL Guides & Abstracts Nontc-

83 Alh " oi (:ountnC r & Index i TI)S 91 PI cr. r l Saj uri remove my name

,

,.

,4%



INSTRUCTIONS

The a~a Civl Eginerin laoraory as evied its primary distribution lists. I he bottom of the label

on the reverse side has several numbers listed. T'hese numbers correspond to numbers assigned to the list of

* Subject Categories. Numbers on the label corresponding to those on the list indicate the subje Ict category ad
ty-pe of documents you are presently receiving. If y'ou are satisfied, throw this card away (or file it for later
reference).

If you want to change what you are presently receiving:

* 1)elete mark off number on lot tomi ()t l.l

0 A\dd cir(c' le nmber onlit

* eto. ni% nai . tron iAl \() J),,-(\ he k h(o\ i i~t

-0 (hin.11g nl. Jilrk"I hue1 out1 liihiire(. I ln .11 \ rie Inll TdICLlW (PLEASE ATTACH LABEL).

* Numbelir od coplos \houild lie entereod uItter the t1tle (0 thc ,Ilhjo' I (.t(~R (W il ele

I-old on line beosand drop in the tiil~i

Note: Numbers on l abelI butI not l isted on questionnaire are for NCEL use only, please ignore them.

*DEPARTM ENT OF THE NAVYPO 
T G AN FES AI

NAVAL CIVIL ENGINEERING LABORATORY DEPARTMENT OF THE NAVY I ~ r
PORT HUENEME. CALIFORNIA 93043-5003 DciD-310 t & =&WAW

OFFICIAL BUSINESS
-, PENALTY FOR PRIVATE USE. 6300

* I IND-NCEL-2700/4 (REV. 12.73)

030-L1L-L70004A

Commanding Officer
Code L08B
Naval Civil Engineering Laboratory
Port Hueneme, California 93043-5003
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